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This paper has been used 

1 review committees ( V i l l i  

~ 

Preface 

three t i m e s  as  reference mater ia l  fo r  three tech- 

Committee, Apri l  1-3 and April  30-May 1; Bromley 

It has a l so  been the basel ine from which most of the  Committee, May 3-4, 1984). 

Design Report on RHLC has been derived. 

This document summarizes the  work and contr ibut ion of several  people dur- 

ing the period November 1, 1983, when the RHIC Task Force was formed, and May 

1984 when the compiler  of t h i s  work l e f t  the Task Force t o  r e tu rn  t o  h i s  o r ig i -  

n a l  i n s t i t u t i o n  (Fermilab) . 
The l i s t  of people involved would be qu i t e  too long i f  one wants t o  give 

c r e d i t  even t o  the smallest but s o m e t i m e  e s s e n t i a l  contr ibut ion.  It i s  made of 

very ta len ted  and s k i l f u l  professionals  i n  the  f i e l d  of acce le ra tor  physics. 

Nevertheless it' i s  mandatory t h a t  t h e  compiler expresses h i s  g ra t i t ude  and appre- 

c i a t ion  very e x p l i c i t l y  t o  J. Claus, H. Hahn, G. Parzen and G. Young (QRNL). 

Without the  i n t e n s i t y  and hardship of the  work of  these people, the NILC projec t  

as  it stands today could have not been made possible.  
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SUMMARY 

In t h i s  note we describe a scheme to  obtain a high performance r e l a t i v i s -  

t i c  heavy ion c o l l i d e r  (RHIC) sized t o  f i t  within the CBA tunnel a t  BNL. 

The p ro jec t  has two p a r t s :  the Source of heavy ions and the  Collider it- 

s e l f .  

be done for  each. 

pends c ruc ia l ly  on the performance of both.  

We keep these two p a r t s  separated s ince a d i f f e r e n t  analysis  i s  t o  

It is obvious t h a t  the performance of the t o t a l  f a c i l i t y  de- 

The layout of the whole pro jec t  (Source and Collider) i s  shown i n  Fig. 1. 

1. 

2. 

3 .  

4 .  

A 

THE SOURCE 

The Source has the following pa r t s :  

"he negative-ion source 

The Tandem van de Graaff 

The Booster Ring 

The AGS 

roposed new addi t ion t o  the BNL f a c i l i t i e s  i s  the Booster Ring. Also 

included are  t r ans fe r  l i nes  from the Tandem t o  the Booster, and from the Booster 

t o  the AGS. Figure 2 gives a more de ta i led  map of the  Source layout. 

1. The Negative-Ion Source 

The nuclear species proposed for  co l l id ing  beam experiments a re  

given i n  Table 1. 

with the Collider since t h e i r  atomic mass va r i e s  as n with n an integer .  

These a re  adequate t o  cover most of the experimental program 

3 

They have a l s o  been chosen because they can eas i ly  be produced a s  negative- 

ions t o  be fed in to  the source for the Tandem. 

1 
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Tab le 1. Proposed Ion Species f o r  RHIC 

Deuterium (n)  Atomic No.  Mass No. Rest Energy A/Z 
z A GeV /A 

~ ~ 

Proton (1) 1 1 

- ~~ 

0.9383 1 .o 

Deuterium (1) 1 2 0.9375 2 .o 

Carbon ( 2) 6 12 0.9310 2 .o 

Sulphur (3) 16 32 0.9302 2 .o 

Copper (4 )  29 63 0 -9299 2.2 

Iodine (5) 53 127 0.9302 2.4 

Go Id I (6 )  79 197 0.9308 2.5 

Typical currents  which can be generated a t  the source for these ele- 

ments are  around 200 micro-amp-particle, except for  deuterium for  which we can 

expect as much as one rnilli-arnp-particle. 

d i f f e r e n t  and higher in tens i ty  source: 

Of course protons a r e  generated by a 

the 200 MeV Linac. 

2 .  The Tandem van de Graaff 

We propose two-stage operation of the Tandem. The three-stage mode 

has also been examined. It would require  the addition of  the -9 MV (negative) 

po ten t ia l  terminal. Although i n  t h i s  mode higher energies and i n t e n s i t i e s  are 

possible ,  the operation is nevertheless more unre l iab le  and d i f f i c u l t  since it 

requires manipulating the negative-ion source a t  high-negative poten t ia l .  With 

the two stage mode of operation the source i s  a t  ground p o t e n t i a l  and therefore 

easy t o  reach and t o  operate. 

In  the f i r s t  stage,  (see Fig. 31,  the  negative ions (Q = -1) a r e  

accelerated from ground to  a +15 MV potent ia l .  

of the negative ions i s  15 MeV, and i n  the h i g h v o l t a g e  terminal they h i t  the 

f i r s t  s t r ipping ta rge t .  

A t  t h i s  point the k i n e t i c  energy 

The most probable charge state Q, which r e s u l t s  depends 

4 



on the element as shown i n  Tab le 2 .  

stage,  increasing t h e i r  energy by (1.15 MV)QT. 

probable charge s t a t e  QF of the ions a f t e r  the second s t r ipping t a r g e t ,  which is  

located a t  the end of the Tandem. Of course there is  no need f o r  the second ta r -  

g e t  in  the case of the deuterium beam, since it would be completely stripped by 

the f i r s t  t a r g e t .  

The ions are next accelerated by the second 

In Table 2 we give a l s o  the most 

The expected s t r ipping e f f i c i e n c i e s  ST and SF are a l so  given i n  Table 

2. 

s t r ipping e f f i c i e n c i e s  and an overa l l  Tandem transmission eff ic iency of 75%. 

The following cycle i s  proposed: 

long, and the r e p e t i t i o n  period is  1.2 sec t o  match the Booster Ring and the AGS 

cycles . 

The Tandem output currents  are calculated by taking in to  account the 

the pulse length i s  a t  most 100 micro-sec 

There i s  good experimental evidence t h a t  suggests the beam qual i ty  

( i n t e n s i t y ,  emittance and energy spread) remains constant over the length of the 

pulse.  More experimmental work i s  planned t o  corroborate t h i s  fac t  for  any ele- 

ment chosen. In the meantime we  assume t h i s  for  the purpose of our design. 

Table 2 .  Tandem Operation Parameters* 

Current 
y -amp -par t  

Element QT ST Kinetic Energy BF QF SF 
MeV/A 

Deuterium el 70% 15 .O .1768 el 100% 525. 

Carbon +5 61 7.5 .1262 +6 90 82. 

Sulphur +9 34 4.7 .lo02 +14 40 20. 

Copper el 1 27 2.9 .0782 +22 27 11. 

Iodine +13 20 1.65 .0595 +31 20 6 .  

Go Id +13 19 1 .o. ,0463 e36 17 5. 

*Two-Stage Mode - 75% transmission eff ic iency.  

5 
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Fig. 3. Tandem van de Graaff w i t h  s t r ipp ing  target,s 
.. 
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A t  the end of the Tandem, j u s t  p r i o r  t o  the  last  stage of s t r ipping,  

the t o t a l  beam emittance should not  exceed 1 W mm-mrad, and the r e l a t i v e  k i n e t i c  

energy spread i s  around l o e 4 ,  mostly due t o  power supply regulation e r r o r s .  

Again we assume t h a t  t h i s  appl ies  f o r  any element chosen. The beam, once 

in jec ted  i n t o  the Booster, i s  captured by the s ingle  (h  = 1) rf bucket which 

covers the e n t i r e  circumference of the Booster, and thus does not need to  be 

prebunched . 
The s t r ipping t a r g e t  a t  the end of the Tandem would be made of a car- 

bon f o i l ,  20 pg/cm2 thick f o r  gold and thinner for  l i g h t e r  ions. 

which is  the extreme case,  we expect an nus sca t te r ing  angle of 1.9 mrad when 

t raversing the f o i l .  To minimize the e f f e c t  on the beam emittance growth, it i s  

important t o  locate  the s t r i p p e r  f o i l  i n  a place i n  the t ransport  l i n e  following 

the Tandem where the l a t t i c e  function does not exceed 30 cm i n  e i t h e r  plane. 

The associated emittance growth i s  then no more than 1 IT mm-mrad and the t o t a l  

value should not exceed 2 TT mm-mrad for any of the species taken into considera- 

t ion .  

For gold, 

When t raversing the s t r ipping t a r g e t ,  ions a l so  experience an energy 

loss .  The la rges t  f igure,  f o r  gold,  i s  about 10.5 keV/A. An energy spread i s  

a l so  introduced with an rms value typ ica l ly  one-tenth of the energy loss .  Al -  

though the energy loss  i s  not s i g n i f i c a n t ,  the spread i n  energy i s  ra ther  impor- 

t a n t .  

of Ap/p = * O . l l % .  

the  Booster i s  then 0.065 eV*sec/A. For l i g h t e r  ions these values are smaller. 

For gold it amounts t o  a momentum spread ( a t  in jec t ion  i n t o  the Booster) 

The longi tudinal  area for  t h i s  debunched beam coasting i n t o  

The detai ls  of the t ransfer  l i n e  between the  Tandem and the Booster 

(through the AGS) are given i n  Fig. 4. 

7 
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W e  have a l so  considered the p o s s i b i l i t y  of adding, a t  the end of the 

Tandem, a sec t ion  of a so-called Heidelberg Linac. 

enhance the  beam energy from 1 t o  perhaps 5 MeV/A for  gold, and the beam veloc- 

i t y  would a l s o  double, from 3 = 0.0463 t o  R = 0.1. 

f ec t s  with t h i s  addi t ion.  

l imi ta t ion  i n  the Booster is softened and more p a r t i c l e s  can be in jec ted ,  pro- 

vided the Tandem is  capable of providing a longer pulse (fl150 Psec) and/or more 

in tens i ty .  

being injected in to  the Booster, and t h i s  f a c t ,  for  the Booster 's  f ixed maximum 

magnetic r i g i d i t y ,  would allow la rger  output energies.  This is important fo r  

gold s ince it would a l s o  increase the e f f ic iency  i n  the last  s t r ipp ing  t a rge t  

This would considerably 

There are two pos i t i ve  e f -  

F i r s t ,  because of the higher energy, the space charge 

Second, the ions can be s t r ipped t o  a higher charge state before 

(between Booster and AGS). Unfortunately the gain i n  in t ens i ty  is  modest, only 

a factor  of two, and t h i s  gain is cancelled when a 50% ef f ic iency  f o r  100 MHz 

bunching t o  acce lera te  the beam through the Linac i s  taken in to  account. We 

have not included t h i s  piece of  equipment in our scenario s ince we do not €om- 

see any s ign i f i can t  improvement with it €or the Coll ider  Pro jec t  i t s e l f .  

3 .  The Booster Ring 

The circumference of t h i s  r ing  is j u s t  one quarter  of the  AGS circum- 

ference. The most important parameters a re  l i s t e d  i n  Table 3 .  A plan view of 

the r ing is given i n  Fig. 5. A p l o t  of the l a t t i c e  functions is shown i n  Fig. 6 .  

W e  assume tha t  the betatron acceptance is 50 Rmm-mrad i n  both planes. 

It could be la rger  i n  the horizontal  plane, but very l i ke ly  the ex t r a  amount 

i s  not usefu l  because of possible  l inear  and non l inea r  coupling between the 

two modes of o sc i l l a t ions  which cannot be avoided. 

9 
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Table 3. Booster Ring Parameters 

Circumference 

Per iodic i ty  

Period Structure:  QF/2 0 B 0 QD/2 QD/2 0 B 0 QF/2 
QF/2 S QD/2 QD/2 0 B 0 QF/2 

Dr i f t s :  0 
S 

Phase Advance /ce 11 

Betatron Tunes, H and V 

Transi t ion Energy, Y, 

8,ax”min 

“max 

Dipole (B): Length 
Max. Field 
Bend ing Radius 
Aperture, HxV ( f u l l )  

Quads (QF/2,QD/2) : Half-Length 
Bore Radius 
Max. Pole  Tip Field 

201.84 m 

12 

0.5516 m 
3.703 m 

100.5 O 

6 . 7  

6.5 

16m/2m 

1.7 m 

2.4 m 
12 KG 
13.751 m 

3.25 x 10 in2 

0.25 m 
4 i n .  

12.7 KG 

i 
The beam is  injected in to  the  Booster and stacked in the betatron 

phase space by f i l l i n g  the machine circumference with the  beam pulse fo r  some 

number, n, of consecutive turns  which corresponds t o  a t o t a l  number of p a r t i c l e s  

NB- 

i n  both planes,  with the help eventually of other avai lable  s teer ing  means, 

u n t i l  the space charge l i m i t  i s  reached. 

It i s  assumed t h a t  the beam w i l l  quickly f i l l  up the  ava i lab le  acceptance 

This corresponds t o  a maximum number 

of p a r t i c l e s  tha t  can be injected according to  the formula NSC 

12  



B i s  the bunching f ac to r ,  defined as  the r a t i o  of the average cur ren t  to  the f 

peak cur ren t ,  AV is  the maximum allowable tune s h i f t ,  A the  mass number 7 Q, the  

charge s t a t e ,  r = 1.535~10 

c lose  t o  1. On the  left-hand s ide  of equation (11, e i s  the normalized 

emittance; the  ac tua l  emittance i s  given by 

-1 8 m, and F a form fac tor  t h a t  for  B << 1 i s  very 

N 

0 

Here the emittances a re  as  usual  always given i n  rmmlnrad un i t s .  

t a n t  t h a t  the phase space densi ty ,  NB/EN, i s  as  large a s  possible  s ince  the lumi- 

nos i ty  i n  the c o l l i d e r  depends on t h i s  quant i ty ,  provided t h a t  no other  e f f e c t  

causes even a stronger l imi ta t ion  than the space charge a t  in jec t ion .  The lumi- 

nos i ty  a l so  depends upon NB i t s e l f .  

l a rges t  densi ty ,  NB/EN7 and the l a rges t  number, NB, of p a r t i c l e s  i n  the Booster. 

An important s ide  e f f ec t  i s  t h a t ,  by increasing NB, one a l so  increases the num- 

be r  of p a r t i c l e s  tha t  can be t ransfer red  t o  the Collider per  AGS pulse and t h i s  

reduces the Coll ider  f i l l i n g  time. 

It is  impor- 

It i s  therefore  e s s e n t i a l  t o  ge t  the 

There is  some uncertainty i n  the value t o  ass ign t o  Bf and AV. W e  ‘pro- 

The bunching fac tor  of 0.5 cor- pose here a bunching factor  of 0 . 5  and AV = 0.1. 

responds to  the r f  capture process a t  i n j ec t ion  and t o  the ear ly  s tage of ac- 

ce l e ra t ion  i n  the Booster. 

the bunching f ac to r  can be lowered correspondingly. 

As the  beam ve loc i ty  increases during acce lera t ion  

The d i f f e r e n t  species a r e  in jec ted  i n t o  the Booster with no fur ther  

s t r ipp ing;  t h a t  i s ,  with the charge s t a t e  Q, a s  shown i n  Table 2 .  

the maximum number N of p a r t i c l e s  t ha t  can be injected with the corresponding 

normalized emittance EN. 

and the number N 

Table 4 gives 

sc 

rev In Table 4 ,  we a l s o  give the revolut ion period T 

of p a r t i c l e s  with n=8 turns  in jec ted ,  assuming the beam B 

13 



Table 4 .  Beam In tens i ty ,  Emittance a t  In jec t ion  i n t o  
the Booster 

EN Trev "B*g NS .cg 
Element 71 *mm*mrad psec x 10 x 10 

Deuterium 8.8 3.81 100. 4 3 8 .  

Carbon 6 . 3  5 .33  22. 3 7 .  

Sulphur 6 .O 6.72 6.7 11. 

Copper 3.9 8.60 4.7 5 . 5  

I od ine 3 .O 11.31 3.4 3 . 2  

Gold 2 . 3  14.53 3.6 2 . 2  

*With 8-turn in j ec t ion  

current  values given i n  Table 2 .  

c i e n t l y  injected i n  one plane is  taken here t o  be 8,  and t h i s  corresponds 

t o  a d i l u t i o n  f ac to r  as  large as 6.25. By inspecting Table 4 one can see 

tha t  the beam in t ens i ty  i s  l imited by the Tandem currents  for  the l i gh te r  

ions up t o  copper. 

charge l i m i t  a t  i n j ec t ion  in to  the Booster. 

there  is  a space charge l imi ta t ion  by a f ac to r  a s  large as 2. 

bers  i n  the dashed squares a re  those proposed for the estimates i n  our scheme. 

For gold only 4 or  5 turns  are required to  be injected.  

The l a r g e s t  nurnber of turns  t h a t  can be e f f i -  

For copper the  Tandem current  output i s  about the space 

For iodine and gold very c l ea r ly  

The p a r t i c l e  num- 

The beam i s  captured a t  i n j ec t ion  by a r f  system of harmonic number 

h= l ,  so tha t  only one bunch i s  used and a l l  the p a r t i c l e s  given i n  Table 4 a r e  

i n  t h i s  bunch. As we have seen, the longi tudinal  beam area can be as large as  

0.065 e V * s e c / A  for  gold a t  in jec t ion .  

a rea  of 0.2 eV*sec/A, a l so  for gold. 

An r f  voltage of 0 . 5  kV makes a bucket 

The r f  bucket will be standing-by and the 

14 



beam w i l l  be made to  bunch by d i lu t ing  i t s e l f  i n t o  t h i s  bucket u n t i l  i t  is  

completely full. To avoid fu r the r  d i l u t i o n  t h i s  bucket area is preserved a s  

much as  poss ib le  during the ea r ly  s tage of the accelerat ion cycle.  

t i on  period i s  taken t o  be 0.6 sec for  gold and the ove ra l l  r e p e t i t i o n  r a t e  

0.8 Hz. In the middle of the cycle a maximum vol tage of 30 kV is required.  

The accelera- 

Toward the end of the accelerat ion,  the bunch i s  made short  enough t o  match the 

length of the r f  buckets i n  the  AGS.  The expected rms bunch length a t  e jec t ion  

is as  small as 20 nsec. 

Assuming a top f i e l d  of 12  KG, we have a maximum k i n e t i c  energy of 367 

MeV/A for  gold which corresponds to  By = 0.971. 

frequency swing it  i s  s u f f i c i e n t  t o  acce lera te  the l i gh te r  ions t o  the same 

value which corresponds to  the f u l l  accelerat ion for  gold. 

required frequency swing covers the range of @-values from 0.046 t o  0.7. 

serve tha t  the ion beam w i l l  never have t o  c ross  the Booster t r a n s i t i o n  energy 

during i t s  acce lera t ion .  

To minimize the  amount of r f  

In t h i s  case the 

Ob- 

A vacuum of lo-'' mmHg seems to  be q u i t e  adequate for  the surv iva l  of 

p rac t i ca l ly  a l l  the beam against  e lec t ron  capture o r  loss  processes during the 

accelerat ion cycle.  The beam losses  would be about 2%. 

After  ex t rac t ion  from the Booster and on t h e i r  way t o  the AGS the  ions 

pass through one more s t r ipp ing  ta rge t .  The ions injected in to  the AGS a re  then 

completely s t r ipped .  W e  expect a 50% beam los s  for  gold, 20% f o r  iodine and 5% 

for copper and sulphur. Carbon and deuterium do not need fur ther  s t r ipp ing .  

The l a s t  s t r ipp ing  is  accomplished with a f o i l  of copper t h a t ,  for  gold,  i s  

70 mg/cm2 thick.  

0.7 mrad for  gold. 

The r m s  sca t te r ing  angle associated with t h i s  t a r g e t  i s  

I f  one does not allow more than 1 Tmm-mrad increases  
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i n  emittance, the s t r ippe r  f o i l  must be in s t a l l ed  i n  a locat ion where the l a t -  

t i c e  function B does not exceed 2 meters i n  both planes. 

The energy loss  associated with t h i s  ta rge t  i s  5 MeV/A and the 
e., 

resu l t ing  energy spread (rms) i s  0.5 MeV/A. 

bunch longitudinal area,  it i s  important tha t  the beam i s  as t i gh t ly  bunched as 

possible when crossing the ta rge t .  

To minimize the increase of the  

For instance,  provided tha t  the beam has 

preserved i t s  o r ig ina l  dunch area of 0.2 eV.sec/A, an m s  bunch length of 20 

nsec would give an energy spread i n  the beam a lso  of 0.5 MeV/A (ms) , which i s  

comparable t o  the spread introduced by h i t t i n g  the ta rge t .  It seems tha t  an 

appreciable increase i n  the bunch area cannot be avoided. 

4 .  The AGS 

The major parameters of the r ing  are  given i n  Table 5 .  Since the in- 

jec t ion  energy i s  367 MeV/A and the ions are completely stripped, there  i s  no re- 

quirement €or improvement i n  e i t h e r  the vacuum or the r€ system. 

t o r  i s  well suited for  the acceleration of the ions to  the maxtmum energy. 

With the present vacuum of 

The accelera- 

t o r r  the beam losses a re  mostly from the elec-  

t ron capture process and would be less  than 3%. 
1 

Our scenario is  the t ransfer  of one bunch a t  a time from the Booster 

to  the AGS; accelerat ion to  the top energy and then t ransfer  t o  the Collider.  

The AGS cycle r a t e  is  taken to  be 0.8 Hz, and it is assumed tha t  about one 

minute is  needed for  the acceleration. The t ransfer  l i n e  between the booster . 

and the AGS is shown i n  Fig. 7. 

Taking into account the increase i n  the beam emittance due t o  the 

f i n a l  s t r ipping,  and with By = 0.971, a t  t r ans fe r ,  the emittance values given i n  

Table 4 are  j u s t  about those the beam would have when injected in to  the AGS. 

These emittances are  considerably smaller than the ring betatron acceptance. 

16 
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Table 5 .  AGS Parameters 

Circumference 807.11 m 

Per iodic i ty  12 

Betatron Tunes, H and V s8.7 

Transit ion Energy, yT 8.5 

Betatron Acceptance ~ 3 0  mnm*mrad 

In jec t ion  Energy (proton) 200 MeV 

Eject ion Energy (proton) 28 GeV 

RF Frequency 2.5-4.457 MHz 

Harmonic Nubmer , h 12 

Peak RF Voltage 300 Kv 

Magnetic Rig id i ty ,  Bp 
a t  ex t r ac t  ion 96.5 KG-m 

There is some uncertainty i n  the value to  assign t o  the beam longitudi- 

na l  emittance. 

small, but we expect some d i l u t i o n  during the capture process and the accelera- 

t i on  cycle.  A r e a l i s t i c  estimate is  0.3 eV8sec/A, including the energy spread 

from h i t t i n g  the l a s t  s t r ipp ing  t a r g e t ,  and we use t h i s  f igure  as input t o  the 

design of the Collider.  

smallest a t  in jec t ion .  

area i s  not less than 1.0 eV*sec/A. A t  the end of the acce lera t ion  i n  the AGS, 

the ion bunch is t a i lo red  so t h a t  it w i l l  f i t  within one of the r f  buckets in 

the Coll ider .  

nanosec . 

The values which correspond t o  in jec t ion  i n t o  the Booster are 

On the other hand, the r f  buckets i n  the AGS a re  the 

I f  we assume a constant voltage of 300 kV, the bucket 

For t h i s  purpose we take a f i n a l  t o t a l  bunch length of 17 

18 



THE COLLIDER 

The t ransfer  l i nes  connecting the AGS t o  the two magnetic r ings are pa r t  

o f  the Collider system. Their design is  the same as i n  the latest CBA/ISABELLE 

proposal. A layout of the t ransport  l i nes  i s  shown i n  Fig. 8. The two r ings 

and t ransfer  l ines  w i l l  be accommodated in  the CBA tunnels which e x i s t  on s i te .  

Each ion bunch accelerated in  the AGS is  extracted and t ransfer red  t o  one 

of the two Collider Rings. The bunch is captured by a s ta t ionary  rf bucket. It 

is e s sen t i a l  tha t  the shape of  the bunch p r io r  t o  ex t rac t ion  from the  AGS i s  

t a i lo red  t o  match the shape of the buckets i n  the Collider.  

t he  Collider Rings are given i n  Table 6 .  

Major parameters of 

Beam parameters a t  in jec t ion  are given i n  Table 7. It is  assumed tha t ,  be- 

cause of the required manipulations, the betatron emittances and the longitudi- 

n a l  phase space area are somewhat d i lu ted  t o  the f i n a l  values shown i n  Table 7. 

W e  take them t o  be the same for  a l l  species ,  except protons, which have a la rger  

emittance and a considerably larger  number of pa r t i c l e s .  

The bunch area,  S, and the beam emittance, E ,  a re  defined fo r  95% of the 

beam population by 

where UT is the rms bunch length i n  u n i t  of t i m e  and BE the rms energy 

spread. 
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Table 6 .  General Parameters for  the Collider 

Circumference 

Revolution Frequency ( B  = 1) 

F i l l i n g  Mode 

No. of Bunches/Ring 

F i l l i n g  Time/Ring 

Perod i c  i t y  

Magnetic Rigidi ty ,  B : P 
a t  i n j e c t  ion  

a t  top energy 

’ yT Transi t ion Energy 

Natural Chromaticity , H,V 

Betatron Tunes, V H,V 

3833.8 m 

78.1972 KHZ 

Box - Car 

57 

c 1 minute 

3 ( 6 )  

9.65 T m  

839.5 T-m 

26.4 

-73.5 /-64 -8 

34.4 

21 



Table 7. General Beam Parameters fo r  the Collider 

Element Proton Deuter- Carbon Sulphur Copper Iodine Gold 
ium 

Inject ion:  
Kinet ic  Energy, 
&Q/A 28. 13.6 13.6 13.6 12.4 11.2 10.7 

B .99947 .99947 .99793 .99794 ,99757, .99704 .99680 

Norm. E m i t t . ,  EN 
munmmrad 20 10 10 10 10 10 10 

Bunch Area, S 
e V *  sec /A 0.3 0.3 0.3 0.3 0.3 0.3 0.3 

Energy Spread, 
- + 10-4 3.8 7.6. 7.6 7.6 8.3 9.2 9.6 

No ions /Bunch, 
x 1 ~ 9  1000 100 22 6.4 4.5 2.6 1.1 

Top Energy: 
Kinetic Energy, 
GeQ/A 250.7 124.9 124.9 124.9 114.9 104.1 100.0 

BY 268.2 134.2 135.2 135.3 124.6 112.9 108.4 
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where d is  the rms beam width o r  height and B the  hor izonta l  o r  v e r t i c a l  

amplitude l a t t i c e  functions. 

normalized emittance i s  given by eq . (2) . 

H,V H ,v 
’ 

The r e l a t i o n  between the ac tua l  emittance and the 

The bunch dimensions are fo r  95% of the beam. The bunch length given i s  

the smallest  one can obtain from the AGS with present  unmodified r f  system. 

The number of ions per  bunch t ransfer red  t o  the Collider i s  a l s o  given i n  

Table 7 .  It w a s  derived from Table 4 a f t e r  adjust ing for  the losses  between the  

Booster and the AGS. 

Table 7 ,  the maximum k i n e t i c  energy tha t  can be reached i n  the Collider Rings. 

Assuming a maximum r i g i d i t y  of 839.5 T-m we g ive ,  a l so  i n  

The two r ings  are  f i l l e d  i n  box-car fashion. The t o t a l  number of bunches 

accepted is  57 per r ing ;  an equivalent number of AGS pulses is  required which 

gives  a f i l l i n g  t i m e  of a l i t t l e  more than one minute per  r ing .  The s i tua t ion  

i s  d i f f e ren t  for  the proton beam since 1 2  bunches can be accelerated 

simultaneously i n  the AGS; thus only f ive  AGS pulses would be required and the 

f i l l i n g  t i m e  i s  l e s s  than t en  seconds. 

The choice of 57 bunches is  a d i r e c t  consequence of the f ac t  t h a t  the 

Collider circumference is  4.75 t i m e s  the AGS circumference and tha t  there  a re  12 

bunches ( a t  least for  protons),  equally spaced, t ransferred from the  AGS t o  the 

Coll ider .  In the box-car f i l l i n g  mode the t r ans fe r  is bunch-to-bucket and 

therefore  the r f  frequency must have an harmonic number equal t o  an integer  

t i m e s  57. The la rges t  integer  is 1 2  s ince it corresponds t o  a bucket length 

which is j u s t  about the length of the injected bunches. 

The bunch separation is 67 meters and t h i s  corresponds t o  a r i s e / f a l l  

t i m e  of 200 nano-sec for the in jec t ion  k ickers .  
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1. The La t t i ce .  The Arcs. 

The two Collider r ings  a re  ident ica l .  They a re  placed i n  the CBA tun- 

n e l  s ide  by s ide .  

of the two r ings i s  such t h a t  the a rcs  and the s t r a i g h t  sect ions follow very 

c lose ly  the center  of the CBA tunnel. 

The separat ion i s  30 cmbetween the beam axes. The geometry 

The l a t t i c e  i n  the curved sect ion is  strong focussing with a 98" phase 

advance per c e l l  and a c e l l  length of S 30 m. 

marily d ic ta ted  by intrabeam sca t t e r ing  considerations and a reasonable c e l l  

length which minimizes the number of quadrupoles. 

cope with intrabeam sca t te r ing  d i f fus ion  a re  a small dispers ion value and a r e l a -  

t i ve ly  large be ta t ron  functions.  

The choice was  a compromise p r i -  

Typically the requirements t o  

Each r ing has a per iodic i ty  3 .  Each period has a point of symmetry 

which we s e l ec t  i n  the middle of one of the a rc s  ( see  Fig. 9 . ) .  The s t ruc ture  

of ha l f  of a superperiod i s  given by 

.HSUP = .HARI .SSI .SSO .ORAH 

where .HARI i s  the inner ha l f  a rc  sect ion,  .SSZ i s  the inner long s t r a ig - t  sec- 

t i on  which includes the dispers ion k i l l e r  segment and the co l l id ing  region down 

t o  the center ,  .ORAH i s  about: the inverse of .HARI, and .SSO i s  about the in- 

verse  of .SSI with some length adjustment t o  compensate for  the f a c t  t h a t  the 

beam t ra jec tory  i s  on the ins ide  0.f the tunnel when covering .HARZ and .SSI and 

moves t o  the outs ide when following .SSO and .ORAH. 
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where 

.FD = QF 00 B 00 QD 

.DF = QD 00 B 00 QF 

A layout of a regular c e l l  i s  given i n  Fig. 10. 

length i s  1.1026 m i n  the inner a rcs  and 1.1084 i n  the outer  a rcs .  

dipole  10.7 meter long with a bending radius  275.4157 m. 

00 i s  a d r i f t  space whose 

B is  a 

QP and QD a r e  regular  

half-quadrupoles, 0.95 m e t e r  long with gradients  

B '  / (BPI = 0.05610 m for  QF 

= 4.05602 m for  QD 

The h a l f  arc  sect ions (.HARI and .ORAH) a re  given by six regular  c e l l s :  

.HARI = .e .e .e .e .e .e 

.ORAH = inverse of .HARI 

The s t ruc tu re  of  a regular  c e l l  is 

.C = .FD .DF 
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A k i n e t i c  energy of 100 GeV/A for gold corresponds t o  Bp = 839.5 T m  

and, therefore ,  a bending f i e l d  B = 3.05 Tesla. 

The l a t t i c e  functions i n * t h e  regular c e l l  are  given i n  Table 8. A 

plo t  of the same functions is a l s o  shown i n  Fig. 11. 

2. The Long Straight  Sections.  

Next we give the layout for  the two long s t r a i g h t  sec t ions  .SSI and 

and .SSO. This i s  a l so  shown i n  Fig. 12.  Both of these include a dispersion 

k i l l e r  and a low-beta inser t ion .  .SSI begins a t  the end of the regular  ha l f  a r c  

.HARI and ends a t  the crossing point  a t  the end of LINS, whereas .SSO s t a r t s  a t  

the crossing point  a t  the beginning of LINS and ends with the beginning of the 

regular ha l f  a r c  .ORAH 

.SSI = (QF) Q81 D78 Q71 471 D67 Q61 Q61 
I562 BS I561 Q5I QSI I452 BS 
I451 441 441 D34 431 431 D23 
Q Z I  Q21 D12  Q 1 I  Q1* DC12 B C 2 I  
D C l l  QC DOC2 B C l I  LINS 

.sso = LINS B C l O  DOC2 QC DC11  BC20 DC12 
Q l *  Q10 D12 Q20 420 D23 430 
430 D34 440 440 0451 BS 0452 
Q50 Q50 0561 BS 0562 Q60 Q60 
D67 470 470 D78 480 (QN 

The phase advance across each of the  two halves .SSI and .SSO, 

including a f u l l  regular c e l l  or each s ide ,  is exactly 1.5 IT i n  both planes. 

The l i s t  of the d r i f t s  elements and of the quadrupoles a r e  given respect ively i n  

Table 9 and 10. 

BS is a dipole of a spec ia l  length, 7.9037 m, used for  the  dispersion 

~ k i l l i n g  in se r t ion  and a l so  t o  accommodate the r ing  i n  the geometry of the tun- 

nel: It has the same f i e l d  as the regular dipoles.  
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Table 8. Regular C e l l  Parameters 

F u l l  Length, inner arc  

outer arc 

Phase Advance/Ce 11 

RIllaX 

Bmin 

m a x  

m i n  

Natural  chromaticity/ C e l l  

Local Transi t ion Energy, yT 

( regular  ce l l )  

29.6128 m 

29.6314 m 

98 

51.6 m 

7.5 m 

1.39 m 

0.64 m 

-0.36 

20.062 
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Table 9.  L i s t ,  of the D r i f t  Elements i n  the  'Long 
S t r a i g h t  Sect ions ( . S S I  and .SSO> 

~~ ~~~ 

D7 8 

D67 

1562 

. I561 

I452 

I451 

D34 

D23 

D12 

12.4310 m 

13.2285 

1.0978 

1.6615 

1.6615 

7.9289 

7.8093 

4.5592 

38 3439 

0451 7.9333 

0452 1.6659 

0561 1.6658 

0562 1 D 1021 

(*I 

( **) 

(*I Contains In j ec t ion  Kicker on the  Outer Arc. 

(**I Contains In j ec t ion  Septum Magnet on the Outer Arc. 
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Table 10. L i s t  of I n s e r t i o n  Quadrupoles Strengths  
(.SSI and .SSO, BP= 839.5 Tm, c1 = 2 mrad) 

Quad [B ‘d l  
. BP 
- JB d l  

( T e s  la) 

Length 

QF’Q81 

Q71 

61 

Q51 

941 

921 

QC 

QC 

920 

Q31 

Qll/Q1* 

Q1,lQ1* 

Q30 

Q40 

‘50 

Q60 

70 

Q80’QF’ 

0.09445 

0.13028 

0.10985 

0.11568 

0.09855 

0.14135 

0.10593 

0.02895 

0.13340 

0.13340 

0.0289 

0.10584 

0.14124 

0.09851 

0.11573 

0.10984 

0.13032 

0.09444 

79.2944 

109.3727 

92.2240 

97.1136 

82.7328 

118.6652 

88.9269 

24.3045 

111.9858 

11 1.9058 

24.2726 

88.8533 

118,5735 

82.6959 

97.1534 

92.2124 

109 , 4054 

79.2839 

0.95 + 0.7041 

2.5308 

1.7308 

1.7666 

1.4643 

2.2791 

1.4826 

1.4976 

2.0076 

2.0076 

1.4976 

1.4826 

2.2791 

1.4643 

1.7666 

1.7300 

2.5308 

0.07041 + 0.95 
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The two halves of the long s t r a i g h t  sections have s l i g h t l y  d i f f e ren t  

lengths t o  compensate fo r  t he  beam moving from the  inner t o  the outer port ion of 

the  ring. The lengths are 

.SSI  = 141.7459 m 

.SSO = 141.7631 m 

The overa l l  l a t t i c e  functions are shown plot ted i n  Fig. 13 f o r  a crossing angle 

of 2 mrad. 

The regions between the end of the  second of t he  spec ia l  dipole (BS) 

and the front  of the f i r s t  of the dipoles t h a t  bring the two beams t o  a crossing 

(BC21 o r  BC20) have zero dispersion. 

3. The Colliding Regions 

The co l l id ing  regions have the  following elements 

(Ql*> DC12 BC2I D C l l  QC DOC2 B C l l  LINS 
LINS BClO DOC2 QC D C l l  BC20 DC12 (Q1*) 

There i s  a magnet f r ee  space (LLNS LINS) of +/- 11 meters. 

The l a t t i c e  parameters a t  the  crossing point are ( fo r  CL = 2 mrad) 

0.88 m 

6 . 3  m 

- - 
- - 

* 
r7 

0.0 

0.0 m 
* 

The unusual difference i n  the -values i n  the two planes i s  due t o  

the  condition imposed tha t  t he  Bma, value w i l l  not exceed S315 m i n  both planes 

(see Fig. 13). 

There are two p a i r s  of horizontal ly  bending magnets B C l  and BC2 t o  

bring the two beams in to  co l l i s ion .  There are two possible configurations. 
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( i )  Crossing a t  Large Angle (a = 2 mrad). This has been our refer-  

The magnet parameters are given i n  ence design and it is  shown i n  Fig. 14(a).  

Table 11. 

t ion region is shorter .  

( i i )  

The luminosity i s  lower than for  a =: 0 ,  but the length of the interac- . 

Head-on Collision (a = 0). This mode of operation corresponds t o  

the la rges t  luminosity and the longest in te rac t ion  region. 

shown i n  Fig. 14(b) . 
l a t t i c e  value, a t  the crossing point f o r  t h i s  case do not change appreciably 

(13; =: 0.94 m and 8, 

shown i n  Fig. 13. 

The geometry i s  

The magnet length and strength a re  given in  Table 11. The 

* 
6 . 3  m) and the overa l l  behaviour i s  very s imilar  t o  that  

Nevertheless, t h i s  inser t ion  cannot be derived from the for- 

mer by simply readjusting the currents i n  the magnets, but requires moving them 

physically. 

Observe tha t  although the innermost dipole B C l  i s  common t o  both beams, 

t h i s  w i l l  not preclude the operation of the co l l i de r  with beams of  unequal 

species o r  d i f fe ren t  energies. 

Because of the dipoles inserted t o  bring the two  beams in to  co l l i s ion ,  we 

have placed the f irst  quadrupoles (QC) about 16 meters from the crossing point. 

These quadrupoles have the dual function of making the dispersion zero and pro- 

viding' a low beta  value a t  the crossing point.  

nience of a la rge  beta-value i n  proximity t o  both QC and Q1. 

t o  keep t h i s  value t o  *3lO m i n  both planes (see Fig. 13) for  rhe large angle 

crossing and S350 m for  head-on co l l i s ions .  

Q1 

This s t i l l  causes the inconve- 

W e  have been able 

The maximum values occur in  QC and 

4.  Beam Acceleration and RF Considerations 

A s  we have already explained, the r f  harmonic number ought to  be an in- 

teger t i m e s  57, and the integer cannot be la rger  than 1 2 ,  the l imitat ion being 
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Table 11. Parameters fo r  Dipoles a t  t he  Crossing Point Regions. 
(30 cm beam separation, BP = 839.5 T.m.1 

Bend F ie ld  at 
Crossing Dipole Length Deflection Radius y = 100 
Angle Number (m 1 (mr ad ) (m (Tesla) 

a =  0 BC 11 3.00 16.901684 177.5 4.729 

BC 10 3.00 -16.901684 177.5 4.729 

BC 21  3.207 -16.901684 189.8 4.424 

BC 20 3.207 16.901 684 189.8 4.424 

a = 2 mrad B C l I  3.00 14.493373 207.00 4.05558 

4.05558 BC 10 3.00 -14.493373 207.00 

BC 21 3.207 - 15.493373 207 00 4.05558 

BC20 3.207 15.493373 207 00 4.05558 
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caused by the length of the r f  buckets which have t o  capture the bunches from 

the AGS. 

bunches i n  the col l iding beam mode. For crossing a t  an angle, shorter  bunches 

enhance the luminosity, whereas for  head-on co l l i s ion  they make s m a l l  in terac-  

t i on  regions, an important requirement for par t ic le 'de tec tor  design. 

compromised and chosen the harmonic number h = 6x57 = 342 which corresponds t o  

an r f  frequency of 26.743 MHz ( fo r  13 = 1 ) .  

On the other hand, the choice of a high frequency would allow shor te r  

W e  kiave 

A peak r f  voltage of 1.2 MV is  necessary fo r  the accelerat ion of the  

beam and to  provide reasonably large r f  buckets i n  the storage mode. W e  take 60 

sec to accelerate  the beam from in jec t ion  t o  top energy. 

turn for  the d i f fe ren t  ion species is given i n  Table  12, where we a l so  give the 

bucket area and height without acceleration a t  inject ion and a t  the top energies 

corresponding t o  B p = 839.5 Tesla-meter, with a t rans i t ion  energy y = 26.4 and 

The energy gain p e r  

T 

a constant voltage of 1.2 MY. The synchronous angle is  given by s i n  8 = 0.048, 

assuming a l inear  ramp a t  constant r f  voltage. 

S 

For a moving bucket during accel- 

erat ion the area i s  obtained by multiplying the value i n  Table 12 by a = 0.9,  

and the height by U/dz where P = 1.36. 

Since a t  in jec t ion  the bunch area is  0.3 eV*sec/A fo r  a l l  species,  'one 

can see tha t  the buckets have enough area and height. 

I n  Table 12 we a l so  give the f u l l  (-I-/- 95%) bunch length and height o f  

the beam a t  the t rans i t ion  energy crossing, assuming a f u l l  voltage of 1.2 MV. 

These quant i t ies  have nevertheless been calculated for  a f u l l  bunch area of 

1.0 eV*sec/A. In  fac t  i t  has been found tha t  the beam bunches suf fer  a coherent 

microwave i n s t a b i l i t y  when crossing the t r ans i t i on  energy; t h i s  is caused by the 

-2 -2 
smallness i n  that  region of the parameter q = y - yT which provides Landau 

damping for  the s t a b i l i t y .  
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Table 1 2 .  Beam Acceleration and W buckets Parameter 

Proton Deu t e r  ium Carbon Sulfur Copper Iod ine Gold 

Energy Gain/Turn, KeV/A 47.5 23.7 23.7 23.7 21.9 19.8 19.1 

Stat ionary bucket area : 
In jec t ion  21.7 3.3 3.4 3.4 2.7 2.2 2 .o 

Top energy, eV*sec/A 29.9 15.2 15.2 15.2 13.9 12.8 12.2 

Bucket half-height: 
In jec t ion  1.58 0.481 . 0.487 0.489 0.431 0.376 0.356 

c- Top energy A p/p, % 0.250 0.254 0.254 0.254 0.255 0.256 0.256 
0 

Bunch height @ t rans i t ion  
A p/p f u l l  (%I 1.41 1.26 1.27 1.27 1.25 1. .23 1.22 

Bunch length t r a n s i t i o n  
f u l l  (nsec) 1.05 1.18 1.18 1.18 I. .20 1.22 1.23 

Character i s  t i c  time of 
t r a n s i s t i o n  energy crossing 
msec 15.4 24.5 24.3 24.3 25.7 27.4 28.2 

yT = 26.4 

Acceleration. period = 60 seconds 
RF Phase Angle, Os = 2.3' 

harmonic number = 6 x 57 = 342 
RF Frequency (f3 = 1 )  = 26.743 MHz 
Total RF voltage = 1.2 MV 



A simple phenomenological model has been proposed and the ana lys i s  of 

t h e  i n s t a b i l i t y  worked out numerically. 

t o  take the shape as required only by the ex te rna l  r f  voltage and remains 

otherwise unmodified as it goes through the  t r a n s i t i o n  energy. 

of the i n s t a b i l i t y  i s  then calculated loca l ly  f o r  a given impedance, Z/n 

(complex), and in tegra ted  over the  whole crossing. The growth rate is e s t i m a t e d  

by solving numerically the d ispers ion  r e l a t i o n  f o r  the i n s t a b i l i t y  assuming a 

gaussian f o r  the energy d i s t r i b u t i o n .  The growth rate depends on the  

choice of the harmonic number n which, considering ;he shor t  length of the 

bunches, has been taken i n  proximity of the beam pipe cut-off (J"2xlO 1. 

In t h i s  model the  beam bunch is  assumed 

The growth rate 

4 

According t o  our model the maximum bunch growth f ac to r  depends 

c r u c i a l l y  on the  parameter 

where NB i s  the  number of p a r t i c l e s  per bunch, Q the  charge s t a t e  and A t he  

atomic m a s s .  

The r e s u l t s  are shown i n  Figs. 15 and 16 f o r  gold, which give t h e  

upper l i m i t  of the estimate respec t ive ly  of the l o c a l  growth r a t e  and of the 

t o t a l  bunch area growth f o r  a few i n i t i a l  values of t he  bunch area on which they 

have a strong dependence. 

bunch, we expect f o r  gold a bunch area increase t o  no more than 1.0 eVgsec/A. 

9 Assuming 1 Z/nl JL 5 ohm, with 1.1 x 10 p a r t i c l e s  per 

One important parameter, which determines the bunch shape when 

crossing the t r a n s i t i o n  energy, is a c h a r a c t e r i s t i c  t i m e ,  a l so  given i n  Table 

1 2 ,  during which the motion i s  %on-adiabatic." There is another r e l a t ed  e f f e c t  

t h a t  has been investigated.  This is the mismatch of the  longitudinal space 

41 



8Q.i(10-~/sac) 

NO DAMPING_,.’/ LANDAU 

1 I I -.- 
-50 -40 -30 -20 -10 0 IO 20 30 40 50 t(msec) 
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charge forces with the external r f  forces. This e f f ec t  has been found t o  be 

qui te  negligible.  

I n  the col l iding beam mode, especial ly  fo r  the case of gold on gold 

top energy, the r f  voltage must be 1.2 MV to  provide a bucket large enough t o  

t 

contain the p a r t i c l e  bunches a f t e r  being i n  the co l l i de r  for several  hours and 

have experienced growth from intrabeam sca t te r ing  (next section).  

The r f  system has s ix  cavi t ies  i n  each r ing of the Collider. One i s  

shown i n  Fig. 17. 

gap i s  4 cm wide and the bore has a radius of 3 cm. 

dius of about 25 cm to allow a beam separation of 30 cm. 

pedance (from the wall alone) i s  J'5.4 Mohm which corresponds t o  a dissipated 

power of 17 kW. Each cavity w i l l  be connected t o  i t s  own individual amplifier,  

capable of 25 kW, t o  allow for transmission efficiency. 

Each cavity is about 2 . 5  m e t e r  long and provides 200 kV. The 

The outer dimension i s  a ra- 

The estimated shunt im- 

For gold the e l e c t r i c  current i n  the beam i s  65 mA-electric and, 

considering the large shunt impedance, 

about 0.5 MV, half of the t o t a l  required. 

care must be taken t o  compensate dynamically for  beam loading. 

the beam i t s e l f  is capable of inducing 

This is an acceptable s i tua t ion ,  but 

An inspection of Table 7 shows tha t  the amount of frequency tuning 

during the acceleration cycle i s  qui te  small, no more than 3.2% for  gold, and 

t h i s  can be achieved mechanically. 

5 .  Intrabeam Scat ter ing 

This is the phenomenon by which pa r t i c l e s  i n  the same bunch exchange 

longitudinal and transverse momenta by Coulomb scat ter ing.  

strongly on the charge Ze and on the  mass number A of the ions. 

is proportional to  

This e f f ec t  depends 

The sca t te r ing  
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For very heavy ions we c lear ly  expect a severe l imitat ion from intrabeam sca t te r -  

ing. 

The diffusion ra tes  caused by t h i s  e f f ec t  depend l inear ly  on the beam 

dens i ty  i n  the 6-dimensional phase space and on a form factor  which i s  a ra ther  

complicated function of the l a t t i c e  parameters, beta values,  dispersion, and on 

the  r e l a t ive  spread i n  the ve loc i t i e s .  

W e  have made computer estimates of the diffusion r a t e s  €or the  l a t t i c e  

of the Collider specified in  the previous chapters of t h i s  note, including the 

long s t r a igh t  sections.  

which can be used t o  estimate the growth r a t e s  of the three dimensions of a 

bunch a t  a par t icu lar  location of the l a t t i c e ,  and several  computer codes a re  

ava i lab le  for  t h i s  task. 

averaged over the en t i r e  circumference of the l a t t i c e .  

and d r i f t  lengths have-been taken in to  account. 

the  l a t t i c e  functions aH, aV and 11' have a l so  been properly handled. 

\ 

Theories do e x i s t  (Piwinsky and Bjorken and Mtingwa) 

A model has been created to  estimate the growth r a t e s  

For t h i s  purpose magnet 

Moreover, actual  var ia t ions of 

I f  the two modes of o sc i l l a t ion  are  taken t o  be completely decoupled, 

typ ica l ly  one finds that  the horizontal  mode has a .pos i t i ve  growth whereas the  

v e r t i c a l  osc i l la t ions  are  damped, though usually at ra ther  small ra tes .  

f a c t  would quickly convert the i n i t i a l l y  assumed "roundness" of the beam t o  an 

extreme "flatness . I '  Because both l inear  and non-linear coupling are  inhereztt i n  

the Collider,  and with the assumption that  the coupling has t i m e  periods shor te r  

than the intrabeam scat ter ing diffusion t i m e ,  we  assume tha t  the beam i s  capable 

of remaining round; i.e., that  the horizontal  and v e r t i c a l  beam emittance are  a l -  

ways equal. Their comon value i s  allowed t o  d i f fuse  a t  a r a t e  given by the 

algebraic sum of the diffusion ra tes  for  the two modes of osc i l la t ion .  

This 

46 



The instantaneous and loca l  diffusion r a t e s  are proportional t o  the 

bunch peak current,  given by 

where N i s  t h  B number of pa r t i c l e s  per  bunch ( Tab1 7) and CT the rms bunch Q 
length. As the  beam diffuses the  bunch dimensions increase and the diffusion 

r a t e s  correspondingly decrease. This fac t  has been taken in to  account i n  our 

estimates. 

The r e s u l t  given here i s  for  gold since w e  believe t h i s  t o  be the 

worst case. I n  Fig. 18 we give the rms momentum spread of the bunch versus the 

beam energy i n  uni ts  of y a t  the end of a two-hour and ten-hour storage periods. 

As shown i n  Fig. 18, fo r  10 

within the r f  bucket dimensions. 

y 5 100, the growth can eas i ly  be contained 

I n  Fig. 19 we give s imilar  r e su l t s  for  the rms bunch length. Bunches 

quickly become long a t  the low energy end. 

A s  i n i t i a l  values, w e  have taken a bunch area of 0.3 eV*sec/A f o r  

y < y 

growth from the  microwave i n s t a b i l i t y  when crossing the t r ans i t i on  energy. 

the betatron emittance we have always assumed, a t  any energy, the same i n i t i a l  

value of 10 r-mm-mrad (normalized emittance, 95% of the beam). 

and a value of 1.0 e V * s e c / A  fo r  y > yT t o  take in to  account the bunch T 

For 

The emittance growth ( the same i n  both planes, because of our assump- 

t ion  of f u l l  coupling) is .  shown i n  Fig. 20. A remarkable r e su l t  i s  that  the 

beam behaviour for y > yT is  independent of y, whereas for  y < yT the growth 

rate increases quickly as the beam energy decreases. 

stand the behaviour for y < y 

It is not easy to  under- 

the r e su l t  is predicted by the But for  y > y T' T 
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Fig. 18. Beam bunch height growth due to intra beam scattering 
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49 



I I I I I I I 

I O  

I 
I 

, I  
I 
I 

I t = O  
‘ I  

- 
I - I I 

I I ,  l I  I I I I I 

- 

I I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Fig. 20. Beam emittance growth due to intra beam scattering 

50 



theory. 

r a t e s  ab out l i n e a r  l y  

Moreover, i n  t h i s  case l a rge r  values of YT would y i e l d  lower growth 

F ina l ly  i n  Fig. 21 we give the ove ra l l  beam dimensions versus energy 

a t  the end of two-hour and ten-hour s torage  periods. 

values estimated i n  the center of the  quadrupoles i n  the  regular  la t t ice  

( the  a rcs )  of the Col l ider .  They a r e  h a l f  of t he  f u l l  dimensions i n  the  

These are the  maximum 

hor izonta l  plane,  obtained with the  equation 

where DE i s  the  r m s  cont r ibu t ion  from the momentum spread and Q 

t r i b u t i o n  from be ta t ron  o s c i l l a t i o n s .  

beam dimensions are 

i s  the nus con- 

The l a t t i c e  values used i n  estimating the 

B 

= 51.6 m emax (7) 
= 1.39 m “ma, 

Whereas the  beam dimension va r i e s  a t  most by a f ac to r  two between 

y = 20 and y = 100, there i s  a r a t h e r  s teep  increase  of the beam s i z e  for  

smaller energies.  

6 .  Magnet Considerations, Numbers, and Aperture Requirements 

Table 13 gives the statist ics fo r  a l l  magnets of the two Collider 

rings.  The parameters given correspond t o  a magnetic r i g i d i t y ,  

Bp = 839.5 Tesla-meter , 

a k i n e t i c  energy of 100 GeV/A f o r  gold. 

gion fo r  bringing t h e  two beams i n t o  c o l l i s i o n  have been l i s t e d  in Table 11. 

The s p e c i a l  d ipoles  in the  co l l i d ing  re- 
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Table 13. Magnet S t a t i s t i c s  

Dipoles (*> 

Rind B BS 

Magnetic Length, m 9.32 

F ie ld ,  Tesla 3.5 

Bending Radius, m 239.9 

Bending Angle, m a d  38.85 

S a g i t t a ,  cm 4.6 

Number of dipoles (180 dual  -+ 12 s ing le )  = 192 

Quadrupoles 

Magnetic Length (*I 

Gradient 

7.9037 

3.5 

239.9 

32.95 

3.3 

1.20 m 

76.3 T 

Number of quadrupoles dua 1) 

Arcs 138 

108 

Total/Ring 246 

L .S . Inse r t ion  - 

(*)For the quads i n  the a rc s .  For those i n  the long s t r a i g h t  sec t ions  use 
Table 9 .  

(*)Special d ipoles  t o  bring t h e  two beams i n  co l l i son  a re  not  included 
i n  t h i s  list.. See Table 11. 
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The l a rges t  beam dimensions i n  the a rc s  f o r  the case of gold a re  given 

i n  Table 14 a t  i n j ec t ion ,  t r a n s i t i o n  and top energy. The values correspond t o  

two hours storage t i m e  f o r  i n j e c t i o n  and ten  hours fo r  the top energy case and 

have been taken from Figs.  18 and 20 with the the l a t t i c e  values given by (7). 

The energy spread a t  t r a n s i t i o n  is taken from Table 12. The dimensions are f o r  

95% of the beam, the width (a,) has .been ca lcu la ted  by taking the l i nea r  

combination of the cont r ibu t ions  from momentum spread and be ta t ron  o s c i l l a t i o n s  

(av>.  The l a r g e s t  beam dimensions a re  a t  the t r a n s i t i o n  energy or  a t  i n j ec t ion  

as expected. For the l i g h t e r  ions one can assume s i m i l a r  values o r  smaller. 

The c r i t e r i o n  chosen f o r  the aper ture  of the  magnet i s  the  following. 

The "good f i e ld"  region of e i t h e r  quadrupoles o r  d ipoles  should be large enough 

t o  contain a beam dimension ca lcu la ted  according t o  the  formula 

6 aq + $6' aE = (~ '6  - 1) a + aH V 

where OR and DE a re  respec t ive ly  the rms cont r ibu t ion  t o  the t o t a l  beam dimen- 

sions from be ta t ron  o s c i l l a t i o n s  and energy spread. 

a r e  given i n  Table 14. 

The dimensions a and aH 
V 

This requirement must apply €or blown-up beam dimensions 

a f t e r  a t  l e a s t  t en  hours of storage for  y 2 30. The dimensions for  Y = 30 a r e  

therefore  a l s o  shown i n  Table 14. 

As expected the  l i m i t  is set a t  y = 30. Including also a poss ib le  

closed o r b i t  d i s t o r t i o n  of f 2mm, the "good f i e ld"  region requirement for the  

magnets has been taken t o  be 

f 26 mm 

The "good f i e l d "  region i s  defined here as tha t  region around the 

cent re  of the magnet where the  magnet imperfections do not  exceed some value. 

For example, fo r  the d ipo le s ,  the f i e l d  e r r o r  f B / B  is to be kept below the 
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Table 14. Maximum Beam Dimensions (95%) f o r  Gold i n  the Regular Quads (Arcs) 

Inject ion (y = 12.0) 

cN (normalized emittance) 27.4 R mm-mrad ( a f t e r  two hours) 

E (ac tua l  emittance) 2.28 R mm-mrad 

a (half-height) 10.8 mm 

Ap/p (momentum spread) 3.0 

V 

( a f t e r  two hours) 

a (half-width) 15.0 mm 

Transit ion (Y = 26.4) 

'N - 

& 0.38 TT mm-mrad 

H 

10 R mm-mrad ( i n  accelerat ion mode) 

a 
V 

AP /P 

4.4 mm 

12.2 x 10 -3 ( i n  accelerat ion mode) 

21.4 mm H a 

Top Energy (y = 100) 

27.8 TT mm-mrad ( a f t e r  ten hours) "N 
& 0.278 n mm-mrad 

a 
V 

APIP 

3.78 mm 

2.7 ( a f t e r  ten hours) 

7.5 mm H a 

Low Energy (y = 30) 

33.2 R mm-mrad ( a f t e r  ten hours) EN 

E 1.1 R mm-mrad 

a 
V 

*PIP 

aH 

7.5 mm 

4.9 

14.3 mm 

( a f t e r  ten hours) 
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2 x l o 4  l e v e l  i n  t h a t  region. 

quadrupole, and sextupole e r r o r s  which can be coped with e i t h e r  using s p e c i a l  

cor rec t ing  c o i l s  or  by taking them i n t o  account for  the o r b i t  ana lys i s .  

This c r i t e r i o n  excludes those d ipo le ,  

For the magnets being considered it is expected t h a t  the  r a t i o  between 

me c o i l  the "good f i e ld"  region and the c o i l  i .d. could be 2/3 o r  even b e t t e r .  

i.d. is 75.4 nrm and the vacuum chamber i n t e r n a l  diameter is 65.4 IMP. 

A t  y = 20 the c r i t e r i o n  i s  s a t i s f i e d  for  only two hours of storage 

time. 

storage.  

energy w i l l  be avoided. I n  the  acce le ra t ion  mode, the 95% beam dimensions when 

crossing the t r a n s i t i o n  energy can e a s i l y  be accommodated wi th in  the  magnet 

aper ture .  

A t  i n j ec t ion  (y = 12) some beam losses  are t o  be expected fo r  two hour 

F ina l ly  the co l l i d ing  beam mode of operation near the  t r a n s i t i o n  

The aper ture  requirements fo r  the magnets i n  the long s t r a i g h t  sec- 

t ions  have to  be examined with a d i f f e r e n t  s t r a t egy .  

given i n  Figs.  22, 23, 24, 25 and 26 fo r  d i f f e r e n t  energies and loca t ions  around 

the la t t ice  of the Collider.  The dimensions shown correspond t o  6 times the rms 

beam s i z e  from be ta t ron  o s c i l l a t i o n s  centered around the two extreme of f -  

momentum o r b i t s  f o r  d6 times the  beam rms momentum spread. 

of i n j ec t ion  and t r a n s i t i o n  energy, the  dimensions correspond t o  10 hours of 

storage and 2 hours f o r  Y = 12.5. 

The beam envelopes are 

With the  exception 

The latt ice behavior i n  the long s t r a i g h t  sec t ions  is shown i n  Fig. 

13. A s  f a r  as the quadrupoles are concerned the '3-values could be too l a rge ,  es- 

pec ia l ly  for  those labe l led  QI and QC i n  both inner and outer  halves.  A t  t h e i r  

loca t ion  9 8310 m but  for tuna te ly  the  d ispers ion  is zero and we can ignore the  

cont r ibu t ion  t o  the beam s i z e  from the  momentum spread. 

should have a l a rge r  aperture than the  o the r s ,  corresponding t o  a "good f i e ld"  

These quadrupoles 
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region of k 45 mm, i f  one wants t o  allow f u l l  performance over a period of 10 

hours f o r  y > 30. - 

7. Chromatic E f fec t s ,  Sextupoles, and Correction Elements 

8. Vacuum Considerat:ons 

9 .  Beam-Beam Tune-Shift. Microwave I n s t a b i l i t y .  Summary of the 
Dependence on the Ion Species 

Beam-Beam Tune-Shift . The l a r g e s t  beam-beam tune-shift  for  a given 

For a "round" number NB of p a r t i c l e s  per bunch occurs for  head-on c o l l i s i o n .  
* * 

beam, tha t  is the emittances are the same i n  both planes and €3, = B,, the 

tune-shift does not depend on the beam energy 

n 

where r = 1.535 x m and E i s  the normalized emittance for  95% of 

the beam i n  nm-rad u n i t s .  

0 N 

>k 
But fo r  unequal 3 -values, the tune-shift i s  

2av 
0 

av = * 
H y V  1 + 0 /(7* V,H H,V 

* 
where IJ are the m s  beam dimensions a t  the crossing poin t .  In  the  case 

H ,v i n  

which the two beam have d i f f e r e n t  ion species,  the tune-shift on beam number "1" 

from beam number "2" is 
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Assuming an horizontal  crossing, since 8, * < B;, the larger  

tuneshif t  occurs i n  the v e r t i c a l  plane. 

B, = 0.9 m, RV = 6.3 m and for  co l l id ing  beams of the same species. 

values shown are  the i n i t i a l  ones, t h a t  i s ,  f o r  a normalized emittance of 10 

This is  given i n  Table  1 7  f o r  the case 
* * 

The 

mm-mrad. With the exception of gold, a l l  the numbers i n  Table 17 a r e  larger  

than the canonically accepted value of 0.005. W e  show i n  the same Table NBB, 

the number of acceptable p a r t i c l e s  per bunch. Nevertheless, with the exception 

of the proton beam, a s l i g h t  increase of the o r i g i n a l  emittance as f o r  instance 

caused by intrabeam sca t te r ing  would e a s i l y  reduce the other values below 0.005. 

For crossing a t  an angle, the i n i t i a l  tune-shifts are smaller than 

those given by eqs. (8) and (9). Assuming an i n i t i a l  rms bunch length of 50 cm 

and a t o t a l  crossing angle of 2 mrad, the tune-shift  i s  always below 0.005 even 

assuming the number of p a r t i c l e s  per bunch as given i n  Table 7 ,  excluding the 

proton beam. 

Table 17. Beam-Beam Tune-Shift for  Head-on 
c o l l i s i o n  ( I n i t i a l  Values) 

Element N~~ 

Proton 0.052 96 lo9 

Deuterium 0.0052 96 

Carbon 0 0068 16 

Sulphur 0.0053 6 .O 

Copper 0.0062 3.6 

I od ine 0.0060 2.2 

Go  Id 0.0036 (1.53) 
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Microwave-Instability. The following l imitat ion applies for the longi- 

tudinal  coupling impedance i n  order t o  l i m i t  microwave i n s t a b i l i t y  within a 

bunch : 

On the r igh t  Z i n  the charge in  uni t s  of the electron charge. 

We have already seen the relevance of t h i s  r e l a t ion  a t  the t r ans i t i on  

energy where 

vanishes. We now calculate  t h i s  l i m i t  a t  the top energy where = 0.001435. 

The peak current i s  given by eq. ( 6 )  with an i n i t i a l  rms bunch length of 50 c m ,  

and the energy and the number of par t ic les  per bunch are  given i n  Table 7 .  The 

r e s u l t s  are shown i n  Table 18. The nus energy spread OE/E corresponds t o  an in i -  

t i a l  bunch area of 1.0 eV/A-sec. The worst case i s  for  the proton beam. 

Table 18 e Longitudinal Coupling Impedance L i m i t  

Element E =P 
~ ~~~ 

Proton 252 GeV/A 47.8 Amp. par t .  0.16 x 0.6  ohm 

Deuterium 126 4.8 0.32 23 

Carbon 126 1.1 0.32 17 e 

Sulfur 126 0.31 0.32 22. 

Copper 116 0.215 0.34 20. 

Iodine 105 0.124 0.38 24. 

Go Id 101 0.053 0.40 41. 
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Sumnary of  the dependence on the Ion Species. Table 19 summarizes the 

information. 

del iver  as shown i n  Table 7 ,  we give the average e l e c t r i c  current iave. 

is less than a factor  of two between iodine and gold which i s  very important for 

estimating beam loading of the r f  system. 

age is around 1 MV and t h i s  should be an acceptable s i tua t ion .  But there a re  

c lear  ly  too many protons ! 

Assuming the number NB of par t ic les  per bunch tha t  the source can 

There 

Even for  iodine the beam induced vol t -  

I n  Table 19 we have a l s o  l i s t e d  the quantity NB (Z2/A). This parame- 

ter i s  a measure of the beam-beam tune-shift and of the microwave i n s t a b i l i t y  

(as w e l l  as of a l l  other coherent and incoherent space charge e f f e c t s ) .  A133HOC 

i n  t h i s  case there are  too many protons per bunch. 

other species from deuterium up t o  gold have about a comparable fac tor .  

2 
Last we l i s t  the quant i ty  NB (Z2/A) which is a measure of the intrabeam 

On the other hand a l l  the 

scat ter ing.  

less for  l i gh te r  ions down to  deuterium. 

the large number of par t ic les  avai lable ,  the e f f ec t  is strong again. A proton 

beam with 10l2 pa r t i c l e s  per bunch causes high beam loading i n  the r f  system; 

thus to  estimate the luminosity performance we w i l l  assume 10 

bunch. 

The e f f ec t  is very strong for  gold and iodine and is considerably 

For the proton beam case,  because of 

11 protons p e r  

10. Luminositv Performance 

For head-on co l l i s ions  the luminosity i s  given by 

NB is the number of par t ic les  per bunch, B the number of bunches per beam, frev 

the revolution frequency, and oH, ov are  respect ively the horizontal  and v e r t i -  
* *  
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Table 19. Bunch I n t e n s i t y  Scaling with Ion Species 

22 NB (TI 22 
NB A i Element NB e l e c t r i c  

109 mA 109 109 

Proton 1000 750 1000 1000 

Deuterium 100 75 50 25 

Carbon 22 99 66 198 

Sulphur 6.4 77 51 410 

Copper 4.5 98 60 802 

Iodine 2.6 103 57.5 1272 

Gold 1 .l 65 35 1104 

c a l  rms beam dimensions a t  the crossing point. Eq. (12) appl ies  to the case of 

two i d e n t i c a l  beams. For crossing a t  an angle ( t o t a l )  01, assuming the crossing 

i s  i n  the hor izonta l  plane, t he  luminosity becomes 

L a0 n 

and where is  the rms bunch length.  

As we have seen, a t  the crossing point 

* * * 
q = 0 m, 8, = 0.9 m and 6, = 6.3 m. 

With these values we can estimate the i n i t i a l  luminosity, t h a t  i s  the luminosity 

at the beginning of the  storage period, using the  f igures  of Table 7. The re- 

s u l t s  a r e  given i n  Table 20 and they correspond t o  the  top energy which for each 
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Table 20. Peak Luminosity (cm-2s'1) for  Same Ion 
Species Colliding a t  Top Energy 

Crossing Angle, a (mrad) 

0 .o 2 .o 

Proton (s = 10 11 1 1.2 0.3 

Deuterium 11.9 3 .O 

Carbon 5.8 1.4 1029 

Sulphur 4.9 1.2 

Copper 22.6 5 .O 

Iodine 6.7 1.6 

Gold 1.29 0.3 

specie is  as shown i n  Table 7 ,  and t o  an i n i t i a l  rms bunch length of 0.5 m. 

one can see the luminosity i s  reduced only by a factor  of s4. for  the large 

angle crossing. 

A s  

A t  lower energies, down to  10 GeV/A, the luminosity w i l l  decrease 

l inear ly  with y for head-on co l l i s ion  and w i t h  Jq for  the large angle 

crossing. The dependence of the peak luminosity on energy i s  given i n  Fig. 27 

for  the spec ia l  case of gold vs. gold. 

Over a period of storage,  because the beam dimensions a re  increasing 

from intrabeam sca t te r ing ,  the actual  luminosity w i l l  decrease. The average 

luminosity normalized t o  the peak luminosity Lave/Lo is plot ted i n  Fig. 28 vs. 

beam energy (y> for the case of gold on gold and head-on co l l i s ion .  

energies larger  than 30 GeV/A the average luminosity over a period of 10 hours 

is  about one-half of the peak luminosity. 

ject ion energy (y = 12) it i s  down t o  50 for  a running period of two hours. 

similar behaviour, i f  not b e t t e r ,  can be expected for the crossing angle cases. 

For 

A t  20 GeV/A it is 40% and at the in- 

A 
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Even a t  the l o w  energy of 10 GeV/A the average luminosity can be w e l l  

above 10 25 cm-2sec-1 for  gold on gold. 

An important parameter required for  the design of the detectors i s  the 

length (3 of the in te rac t ion  region. I ts  nus value is  I 

R (3 
= -  

2+p (14) 

where p is  given by eq. (13). 

m s  bunch length which is given i n  Fig. 19. 

over a period of 10 hours a t  100 GeV/A. 

a t  30 GeV/A, but grows from 30 t o  80 cm a t  the l o w  energy end (10 GeV/A). 

For head-on co l l i s ion  p = 0 and o1 i s  ha l f  of the 

For gold GI var ies  from 25 t o  75 cm 

It i s  about constant, around 25 - 35 cm 

The in te rac t ion  region i s  considerably shorter  for crossing a t  an 

angle. For the top energy case the m s  value is  10 cm for 2 rnrad crossing 

angle. These values do not change s igni f icant ly  over a period of 10 hours and 

are about the same f o r  a l l  species involved. 
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